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1.0 INTRODUCTION 
1.1 Object and Scope 
The object of this investigation was to study the hysteresis relation-
ships for small-scale beams. The beam specimens were replicas of coupling 
beams used in a ten story coupled wall model structure tested by Aristizabal 
(1976) on the University of Illinois Eay,thquake Simulator. t1oment-rotation 
relationships for the beams were measured to provide information for a 
nonlinear analytical study of the ten-story model structures performed 
by Takayanagi(1976). Six beam specimens were tested with the test variables 
being the amount of reinforcement and the loading pattern. 
1.2 Influence of Coupling Beam on Structural Response 
The hysteresis properties of beams used to couple structural walls 
can have a significant influence on overall building response. The stiff-
ness of the coupling beams can dictate the extent to which each wall will 
act independently or as a coupled unit. If a reinforced concrete coupled 
wall structure is proportioned properly, energy from a strong earthquake 
will be dissipated locally at the beam ends when yielding occurs yet with 
the walls remaining linear. The permanent deformation of the structure 
will, therefore, be kept within allowable serviceability limitations. In 
addition, repair of damaged beams may be expedited with little loss of 
building function. 
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2.0 OUTLINE OF EXPERIMENTAL WORK 
2.1 Test Variables 
A total of six specimens were tested. Variables were the amount of 
longitudinal beam reinforcement and the loading program. 
Moderately Reinforced 
Beam 
Heavily Reinforced 
Beam 
Loading Pattern A 
SM1, Sr·14 
Loading Pattern B 
SD3, SD4 
S~12, Sr13 
Loading program A consisted of loading each beam to its maximum moment 
capacity for all cycles to study strength and stiffness variations \'Jith 
increasing damage. The beams of loading program B were loaded to the 
maximum moment for the first cycle only. Successive loading cycles were 
applied maintaining the maximum rotations of the fit"st cycle. 
2.2 Structural Idealization 
The primary function of a beam coupling two structural walls is to 
ensure some level of beam action in the total structure, to provide a 
connect ion bet\-'Jeen the two wall s so that the axi a 1 thrust in the wa 11 scan 
vary. For an ideally symmetrical pair of structural walls, the end moments 
applied to the ends of the beam are equal in magnitude causing tension on 
opposite extreme fibers for each end of the beam. A schematic description 
of this structural action is presented in Fig. 2.1. To simulate the end 
moments occurring in the ten-story prototype structure, replicas of 
representative beams were tested. A single concentrated load was applied 
to the pair of piers through pin connections, nine in. above the beam 
{' 
L 
3 
centerline to develop the beam end moments. A second set of pin connections 
in the piers served as reactions for the load. Free body diagrams of the 
piers and beam are shown in Fig. 2.2. The applied load can be related to 
the average beam end moment by summing moments about each pin reaction. 
For the left pier 
(~'1 + M2) P h = -'-1 i 
Similarly for the right pier 
(1 ) 
(2) 
I f the tota 1 app 1 i ed load -j s denoted by II pH and the a ver~age end momen t by 
IIW1 
M ::;: ( t1 + 1',' ) /2 1 2 
Then adding equations (1) and (2), substituting for P and M~ and solving 
for ~1 
which for the test specimens is numerically equal to 
P(9.0") 
~1 = -----
2(2(3.5) + 1) 
4.0 
= 1.64P 
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2.3 Specimen Description 
A description of the specimens is presented in Fig. 2.3. Each 
specimen consisted of two 1 by 7 by 17-in. long piers cast monolithically 
with a l-in. wide by 1.5-in. thick beam with a span of 4-in. Specimen 
type "Sf.1'1 was heavily reinforced with 3.3% reinforcement per face. Specimen 
type "SOli was moderately reinforced with 1.6% reinforcement per face. 
Anchorage of the No. 8 gage longitudinal beam reinforcement was provided 
considering a lovJer bound on the bond stress of 450 psi. Ample shear 
reinfor'cement in the beams ~vas provided so that the full moment capac; ty 
of each beam could be developed without a shear failure. Pier reinforcement 
\'las rna tched wi th that for typi ca 1 story 1 eve 1 s of the ten s tory mode 1 . 
2.4 Fabri cati on 
The test specimens were cast horizontally using the same procedures 
as J\ristizabal (1976). A mechanical stud vibrator' was placed against the 
steel plate formwork to consolidate the micro-concrete. The excess concr'ete 
was struck off and then troweled to a smooth finish. Steel bars forming 
the edges of the specimens were removed the next day to avoid shrinkage 
cracking of the specimen. After one week of curing under wet burlap and 
plastic sheets, the specimens were removed from the forms and stored in the 
laboratory .. Heasured specimen dimensions and ages are presented in Table 2.1. 
All specimens were cast simultaneously from the same concrete mix. 
The mi x proportions by dry wei ght vlere 1: 0.96: 3.83 (cement: fi ne 
aggregate: coarse aggregate). High early strength (Type III) cement was 
used with the \'Jater-cement ratio being 0.80. The fine aggregate was fine 
lake sand. Coarse Wabash River sand served as the coarse aggregate. The 
concrete was mixed in a 400 pound batch in a one ton capacity Koehring 
Cyclo-Mixer. 
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Nadel reinforcement was annealed at 9000 F for two hours and allowed 
to cool in the oven. Longitudinal. beam reinforcement was then knurled to 
replicate the reinforcement in the ten story model test structure. The 
wire was cleaned with acetone and tied together using No. 19 gage wire. 
As can be seen in Fig. 2.3, the longitudinal beam reinforcement for type 
SM specimens was wel~ed to the exterior pier reinforcement to improve 
embedment characteristics of the wire. 
2.5 Material Properties 
Ten 4-in. diameter cylinders by 8-in. long and five 2 x 2-in. prisms 
by 8-in. long were cast to establish material properties of the concrete. 
The cylirlders we}-'e tested in a 300-kip Riehle universal testing machine. 
Six cylinders were tested in compression using a O.OOOl-in. mechanical 
dial gage to measure strain. The measured concrete stress-strain curve is 
presented in Fig. 2.4. The descending portion of each curve could not be 
obtained due to limitations of the testing machine. Four cylinders ItJere 
split by applying compression normal to the cyl-jnder's longitudinal axis 
to obtain an estimate of the concrete's tensile strength. The prisms were 
loaded at midspan with a 120 kip capacity Riehle testing machine. Splitting 
strengths and moduli of rupture for the control samples are given in Table 2.2. 
Representative stress-strain relationships for the model reinforcement 
are given in Fig. 2.5 through 2.8. An extensive study of the tensile 
properties of the No.8 gage wire is presented by Staffier (1975). Bond 
characteristics of the wire was examined with pullout tests by Gavlin (1976). 
2.6 Test S'etup 
A description of the test setup is presented in Fig. 2.9. Each 
specimen was mounted to the testing apparatus with 1 1/2-in. 0.0. ball 
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bearings which were press fitted to the supporting 3-in. channels. The ball 
bearings were bolted firmly to each specimen with 5/8-in. diameter bolts as 
depeicted in Fig. 2.10 so that slippage of the connection would be minimal. 
Four 1 1/2-in. x 4-in. bars and a l-in. base plate bolted to a fixed 
base served to anchor each specimen. The pi ers of specimen type S~1 were pre-
stressed to a load of approximately 1000 pounds to simulate the axial load 
in the intermediate level piers of the ten story dynamically tested model. 
This was done using #18g wire cables wrapped around each pier and tensioned 
using a screw and bar arrangement. 
The load was applied to another set of 3-in. channels which transferred 
the load to the specimen through similar ball bearing connections so that 
pier rotation \vould not be restrained. f\ 2.5 kip capacity ram operated in 
load control through a MTS closed loop servo-hydraulic system was used to 
load the specimens. 
2.7 Instrumentation 
Aluminum bars \'Jere epoxied to the outside edge of each pier to serve 
as beam end rotation indicators. Three linear voltage differential trans-
formers (LVDT1s) were used to measure the rotation of each aluminum bar as 
well as the vertical and horizontal rigid body translations so that the 
effect of connection slippages could be included in the measured rotations. 
A description of the relationship between the displacement readings and the 
beam end rotations is presented in Appendix A. The LVDTls were regulated 
using a 6 volt power supply. They were initially calibrated using dial 
gages. Digitized electrical signals from the LVDT's and the ram were 
punched on paper tape using a VIDAR data aquisition system and a teletype. 
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The paper tape was then read into a OEC-10 computer file where the signals 
were calibrated and punched on computer cards. The cards were read into an 
IBM-360 computer so that moments and rotations could be calculated, and 
plotted using Ca1comp subroutines. 
2.8 Test Procedures 
Specific loading patterns for each specimen are presented in Fig. 2.11. 
The loading was monitored during each test using an X-V plotter indicating 
ram load versus ram displacement. The ram load was held constant at load 
intervals of 100 pounds for a time span not exceeding ten seconds so that 
data could be taken to define each hysteresis curve. 
Hydrocal was placed at the interfaces between components of the 
anchorage system to detect for slippages. Crack widths and propagations 
were recorded at ram load increments of approximately 500 pounds. 
Photographs of the damage in each beam \'lere taken a t peak loads for all 
cycles. 
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3. EXPERIMENTAL OBSERVATIONS 
3. 1 Introductory Remarks 
Observed response of the test specimens is presented and discussed 
in this chapter. Measured moment-rotation relationships are used to 
describe the response of each specimen. Observed patterns of crack develop-
ment are presented to discuss the behavior qualitatively. General features 
of observed behavior are reported as well as specific failure modes for 
each specimen. 
3.2 Measured Moment-Rotation Relationshios __ --L--
Measured moment-fotation relationships for each specimen are presented 
in Fig. 3.1 through 3.6. The end moment, determined as described in 
Section 2.2, is plotted against the average end rotat-ion for all cycles of 
loading. The end moment is also plotted against rotations measured at each 
end for individual cycles. 
The hysteretic relationships illustrate general characteristics of the 
behavior of reinforced concrete members subjected to cyclic loading. Three 
distinctive trends were observed: (1) a variation in stiffness within each 
cycle of loading, including a severe reduction in stiffness in the low-
moment regions; (2) a reduction in stiffness between successive cycles 
of loading for similar ranges of moment; and (3) a reduction in strength 
between successive cycles of loading for those specimens loaded to the 
apparent moment capacity in each cycle. 
Representative ranges of observed response are depicted in Fig. 3.7. 
The first quarter cycle consisted of three nearliy linear portions: AB, 
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BC and CD. Portion AB, representing the behavior of an uncracked beam 
remained linear to a moment of approximately 0.3 kip-in. Observed increase 
in rotation was essentially proportional to increase in moment from points 
B to C, with the increase in rotation exceeding that in moment as the yield 
moment was approached. At point C (approximately a moment of 1.7 kip-in. for 
type SO and 2.9 kip-in. for type St11) the stiffness reduced greatly indicating 
yield of the tensile reinforcement. The loading was stopped (at point D) 
when the slope of the moment-rotation curve was virtually zero. 
The unloading portion DEFcould be represented ideally by two linear 
segments, DE and EF. Segment DE was typically almost vertical. Segment 
EF had a steeper slope than that of segment Be. 
In all cases, the transition segment FG was S-shaped. It was not 
symmetrical about the horizontal axis, the gradual change in slope in the 
unloading curve being initiated at a 10\'>/ positive load level on the order 
of 0.2 kip-in. 
Loading to point H resulted in a similar type of behavior as observed 
for portion BC. The reversed loading stiffness (portion GH) was less than 
the loading stiffness (portion BC) for all specimens. Loading to the 
apparent maximum moment capacity at point I was accompanied by a gradual 
reduction in the slope of the moment-rotation curve. Maximum strengths 
observed for all specimens were less for the second half cycle than for 
the first. 
Unloading from point I followed in a similar fashion as from point D. 
Initial unloading to point J resulted in a small change of rotation. 
Unloading to point K resulted in a greater slope for segment JK than for 
the reversed loading segmentGH, but less than the first half cycle unloading 
segment EF. 
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The transition segment KL was S-shaped like segment FG but extended 
over a wider range of rotation. Point K was observed at approximately 
the same load level as point L. 
Subsequent cycles of loading consistently resulted in similar types 
of behavior as observed for the initial cycle. 
(1) Loading stiffnesses decreased progressively with each half 
eyel e. 
(2) Specimen strength deteriorated with each half cycle. 
(3) Initial unloading for each half cycle resulted in a small change 
of observed rotation. 
(4) The unloading stiffness for each half cycle was always greater 
than the loading stiffness. 
(5) Unloading stiffnesses decreased progres~ively for each 
half cycle. 
(6) The stiffness transition in the low-moment regions occurred 
progressively over a wider range of observed rotation for 
successive cycles. 
3.3 Modes of Failure 
The failure mechanism observed for the specimens consisted of spalling 
of the shell concrete, crushing of the extreme compressive fiber concrete, 
and slip of the main reinforcement. 
All specimens, except SM3, developed the yield stress of the rein-
forcement in the first quarter cycle of loading without failure in shear, 
anchorage or by crushing of the concrete. Specimen SH3 did experience a 
sudden compressive failure of the extreme fiber concrete at the maximum 
F 
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moment of the first quarter cycle. This resulted in a rapid loss of strength 
for which data could not be taken. The reason for only one specimen out 
of four heavily reinforced specimens failing in compression is attributed 
to scatter in the compressive properties of the concrete. 
The yield stress of the reinforcement for subsequent half cycles 
was not developed. This is evidenced by the size of the observed maximum 
moment which is less than that required to produce yielding. The large 
increase in observed rotation for the small increase in applied moment 
indicates that the main reinforcement was slipping relative to the concrete 
before the yield stress could be developed. The maximum moment attained 
for successive cycles further decreased, indicating a deterioration of 
available bond strength with cyclic loading. 
A diagonal tension failure was observed at the maximum rotation for 
tile second half cycle for specimen SD3. l\ diagonal ctack suddenly developed 
from the upper left to the lower right corners of the beam. Loading in the 
reverse direction (first half of second cycle) resulted in another diagonal 
crack from opposite corners which spalled a large portion of the shell 
concrete between the diagonal x-cracks. Because of the large reduction in 
specimen strength and stiffness, the test was completed at the end of the 
second cycle. 
3.4 Observed Patterns of Crack Development 
The primary pattern of observed crack development included flexural 
cracks at oppostie corners of each beam, diagonal shear cracks, and 
splitting cracks parallel to the longitudinal reinforcement. The general 
pattern of crack development is shown in Fig. 3.8. The first observed 
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cracks were short, vertical cracks at the end regions of each beam which 
were noticed at an applied moment of approximately 0.40 kip-in. As the load 
was increased, these cracks opened and propagated linearly_ Diagonal 
cracks were first observed at a moment of approximately 2.5 kip-in. for 
type Sf'1 and 1.3 kip-in. for type SO. The diagonal cracks ranged in "Jidth 
from 0.002 to 0.004 in. As the load reached the maximum, faint splitting 
cracks were observed with minor crushing of the concrete at the compressive 
portions of the end regions. 
The diagonal cracks closed during unloading, but the flexural cracks 
did not. Reversing the load resulted in closing of the flexural cracks 
ata moment of approximately 0.800 kip-in. for type Sf-' and 0.500 kip-in. 
for type SD. Further loading in the reverse direction resulted in a similar 
netwQ)"k of cracks of the opposite sense. 
Representative photographs of damage at peak loads of successive 
cycles are presented in Fig. 3.9. Flexural cracks at the beam ends became 
\lJider for successive cycles. Diagonal cracks also became wider' and resulted 
in some spalling of the side cover for type SD specimens. Crushing of 
the concrete at the beam ends became more prevalent. Splitting cracks 
propagated further along the reinforcement resulting in spalling of the top 
and bottom concrete cover. 
The width of the cracks occurring at the beam ends was measured during 
the first two cycles of loading and is presented in Table 3.1. Because 
of the inaccuracies of the crack width measurement, crack widths are 
presented only to support qualitatively the measured moment-rotation 
relationships.' The influence of the crack width on the shape of the measured 
hysteresis relationships can be seen by translating the observed crack 
r 
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widths to equivalent end rotations, and plotting versus moment. This 
relationship for the first loading cycle is shown in Fig. 3.10 for type 
SD specimens and in Fig. 3.11 for type SM specimens. A constant depth to 
the neutral axis based on the cracked section has been assumed to relate 
crack width to rotation. 
Rotation calculated directly from crack widths were a significant 
portion of the total rotation .. The average observed crack width was 0.007 in. 
at the maximum rotation of the first half cycle, indicating that the hinge 
rotation \'taS due to more than strain in the reinforcement. Crack widths at 
maximum rotations of other cycles confirmed this observation. 
The shape of each curve resembled the measured moment-rotation curve. 
The rotation calculated from observed crack widths followed a linear trend 
with applied moment for the major loading and unloading portions of each 
curve. As the load was reversed the effect of the cracks closing on the 
beam end rotation was quite significant. The large reduction in flexural 
stiffness observed from the measured moment-rotation curve is evidenced 
by the large change in crack width for a small change of reversed moment. 
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4. ANALYTICAL STUDIES 
4.1 Introductory Remarks 
A mathemcitical model to analyze the specimen response is presented 
in this chapter. Beam end rotation is assumed to consist of three com-
ponents generated by defamation due to curvature of the beam, deformation 
due to shear, and slip of the reinforcement. 
4·, 2 ~1oment-Curva ture St~ 
Two moment-curvature studies \'Jere performed. A moment-curvature 
relationship for monotonically increasing load was developed toinvesti-
gate limiting curvatures based on the ultimate strain of the concrete. A 
moment··curvature relationship fat cyclic loading \~laS developed to investi-
gate the effect of loading reversals on section behavior. 
Both relationships were developed considering (1) a linear strain 
distribution across the section, (2) an idealized stress-strain relationship 
for the t"einforcement and concrete, and (3) nominal section dimensions as 
presented in Fig. 2.3. 
An iterative procedure was used to calculate points on the moment-
curvature curve corresponding to strains of the extreme compressive fiber. 
Strains and associated stresses were determined from an assumed curvature. 
Forces were calculated from the stresses. Equilibrium of the forces was 
used as the criterion for the validity of the assumed curvature. The 
procedure VIas reiterated varying the value of assumed curvature until force 
equilibrium was met. The internal resisting moment of the section was then 
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calculated by summing the products of the forces and respective distances 
from mid-depth of the section. 
(a) Moment-Curvature Relationship for Monotonically 
Increasing Load 
The assumed stress-strain relationsh~p for the concrete is presented 
in Fig. 4.1. Tensile strength of the concrete was neglected. A parabola 
was assumed for the shape of the curve up to the maximum stress. A 
straight line was assumed for the descending portion to the maximum strain. 
The assumed stress-strain relationship of the reinforcement is pre-
sen ted in fig. 4.2. An idealized bilinear curve has been used to represent 
the observed behavior of the reinforcement from tension tests (Staffier, 
1975) . 
Calculated moment-curvature relationships for a monotonically incr'eas-
ing load are presented in Fig. 4.3 and 4.4 for type SO and SM specimens 
respectively. 
(b) f4oment-·Curvature Relationship for Cyclic Loadinq 
A computer program developed by Karlsson was used to obtain moment-
curvature relationships for the first one and a quarter cycles of loading. 
A description of Karlsson1s model is provided by Wight (1973). Type SO 
and type Sf'1 secti ons were mode led wi th tvJe 1 ve s tri ps of equa 1 wi dth as 
shown in Fig. 4.5. Unconfined concrete outside of the stirrups was assumed 
to spall at a strain of 0.004. Confined concrete within the stirrups was 
assumed to maintain the maximum compressive strength at large compressive 
strains. 
The stress-strain relationship for the reinforcement was assumed to be 
bilinear for the first quarter cycle of loading. A Ramberg-Osgood function 
was used to idealize the behavior for subsequent loading. 
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The calculated moment-curvature relationship for cyclic loading is 
presented in Fig. 4.6 for type SO and in Fig. 4.7 for type SM. 
4.3 Reinforcement Stress-Slip Relationship 
To study the influence of slip of the main reinforcement on beam end 
rotation, a simple finite element model of the bar embedment was developed. 
A description of the model is presented in Fig. 4.8. The idealized anchored 
bar was divided into four elements of equal length. Bond resistance was 
modeled using translational springs of equivalent stiffness. Incremental 
nodal displacements, reinforcement stresses, and bond stresses were calcu-
lated for an incremental load applied to the end of the bar. The load was 
increased until a particular reinforcing element or spring stress exceeded 
a limiting stress. The stiffness was then recalculated using a revised 
modulus for that element. 
The bar was unloaded when the yield stress at the face of the anchorage 
was attained, or when the bond resistance of all springs was zero. 
The assumed bond stress-slip relationship is presented in Fig. 4.9. 
The equivalent stiffness of a spring was calculated by considering a uniform 
bond stress along the tributary length of embedded bar associated with the 
spring. The stiffness was computed as the product of the slope of the bond 
stress-slip curve, the perimeter of the bar and the tributary length. The 
bond stress-slip relationship was inferred from pullout· tests (Gavlin) for 
a monotonically increasing load. 
The assumed reinforcement stress-strain relationship is presented in 
Fig. 4.9. The first quarter cycle of loading is based on experimental 
data obtained by Staffier (1975). Subsequent half cycles of loading were 
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assumed to behave in the same manner. The axial stiffness of each rein-
forcing element was calculated by multiplying the area of the bar times 
the modulus of elasticity and dividing by the element length. 
The incremental stiffness matrix was generated using the conventional 
approach of imposing a unit displacemeni at each node while fixing all 
others~ determining the associated nodal forces, and writing the equili-
brium equations. 
KS1+KBl : -KSl 1 ----~------------------------~ 
-KSl 
I 
I KSl +KS2+KB2 
I 
I 
I 
I 
I 
I 
I 
I 
-KS2 
-KS2 
KS2+KS3+KB3 
-KS3 
-KS3 
KS3+KS4+KB4 -KS4 
-KS4 KS4+KB5 
x 
Since the load was applied only to the node at the end of the bar, 
the stiffness matrix was partitioned and condensed to give the load-slip 
. stiffness. The equations were solved to give an incremental slip at the 
a 
a 
a 
face of the anchorage. Nodal displacements were calculated from this slip 
so that reinforcing element and bond spring stresses could be determined. 
Reinforcing element stresses were calculated from the strains which 
were determined from the difference in adjacent nodal displacements. Bond 
spring stresses were determined from the nodal displacements and the spring 
stiffnesses. 
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The calculated reinforcing stress-slip relationship at the loaded end 
of the bar for the first one and a quarter cycles of loading is presented 
in Fig. 4.10. 
4.4 Shear Deformations 
The small span to depth ratio of the specimens produced high shear 
stresses at ultimate loads. Because of the uncertainty involved with the 
calculation of shear deformation after cracking and with cyclic loading, 
shear deformations were approximated using the principles of elasticity 
for a homogeneous plain concrete beam. The effect of cracking was considered 
by reducing the uncracked shear stiffness by an arbitrary factor of two. 
The cracked shear stiffness was calculated using the relationship 
where v = bea.m shear 
As :;:: shear deformation 
G = shear modulus = 0.4 Ec 
Ec = modulus of elasticity of concrete = 3000 ksi 
A = area of section = 1.5 sq. in. 
l = length of beam = 4.0 in. 
a = shape factor for rectangular section = 1.2 
The approximated beam shear stiffness for both type SO and S~1 specimens 
was 190 kip/in. 
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4.5 Moment-Rotation Relationship 
For an incremental end moment, an incremental end rotation was cal-
culated considering linear segments of the moment-curvature, reinforcing 
stress-slip, and shear deformation relationships as describea earlier 
in this chapter. The end moment was increased until a particular linear 
range of anyone of the above relationships was exceeded. A new linear 
range was defined, and the end moment was increased further. The end 
moment was descreased when the limiting rotation which was observed for 
the test specimens was attained. 
End rotation due to curvature of the beam was calculated using the 
principle of moment-area as depicted in Fig. 4.11. The half span of the 
beam was divided into five elements of equal width. For an incremental 
end moment, the average moment across each element was calculated. An 
incremental curvature was assigned to each element by reading the calculated 
moment-curvature curve. The area under the curvature distribution was 
computed for each element, and multiplied by the distance from the element 
centro; d to the mi dspan of the beam. The summati on of these products \'Ias 
equal to the deflection at the end of a cantilever beam with a span equal to 
half the span of -the specimen. Incremental rotations at the pin supports 
were determined from these deflections as described in Fig. 4.11. 
The reinforcement stress-slip relationship was translated to an equiva-
lent end moment-rotation relationship as described in Fig. 4.12. Moment 
was related to reinforcing stress by considering a constant lever arm. Hinge 
rotation at the end of the beam due to slip of the reinforcement was calcu-
lated as {he ratio of the slip of the tensile reinforcement and the distance 
from the tensile reinforcement to the neutral axis. The location of the 
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neutral axis and the length of the lever arm were based on the transformed 
section for a fully cracked section. Both were assumed to be invariant 
with the moment applied to the section, which is reasonably valid before 
yield of the reinforcement occurs. After yield occurs) the additional 
slip is small since the additional tension on the reinforcement is small. 
Measured rotation at the pin supports was related to the hinge rotation 
as described in Fig. 4.12. 
Shear defor11'1ation was related to end rotation in the same manner 
as described for deflection due to flexure (Fig. 4.11). End moment was 
related to shear force by simple equilibrium of forces as depicted in 
Fig. 2.2. Because of the uncertainty involved with the ~alculation of 
shear deformation, and the relative insignificance of shear deformation 
on total end rotation a linear relationship for all cycles was assumed 
betv:een end moment and rotati on due to shear deformat i on. 
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5. CALCULATED VS. OBSERVED RESPONSE 
5.1 Introductory Remarks 
The calculated specimen response using the mathematical model pre-
sented in the preceding chapter is compared with the observed response 
for the first cycle of loading. Variations betvJeen the observed and 
calculated responses are discussed considering limitations of the analytical 
model in representing the bond strength deterioration within the beam span. 
The calculated moment-rotation response for the first cycle is pre-
sented with the observed response in Fig. 5.1 for type SO specimens and in 
Fig. 5.2 for type SM specimens. 
5.2 First Ha.lf C1 cle 
For the first half cycle the calculated response agreed reasonably 
well with the observed response. The calculated stiffness for the first 
quarter cycle was consistently less than the observed stiffness. The 
maximum moment calculated for type SM specimens was in all cases smaller 
than the observed moment. The maximum moment calculated for both type SO 
specimens was greater than the observed moment. The calculated unloading 
portions of the curve agreed with the observed response for all specimens 
except SM3 which had a compression failure. 
To show the relative importance of each component of calculated 
rotation, the contributions of curvature, reinforcement slip and shear 
defamation are plotted with the observed moment-rotation curves for the 
first quarter cycle in Fig. 5.3. Slip of the anchored longitudinal beam 
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reinforcement dominated the shape of the curve. Calculated rotation 
including slip of the reinforcement was nearly three times the rotation 
calc~lated from bending and shear strains. Calculated shear deformation 
was significant when compared with calculated bending deformation resulting 
from curvature because of the small span to depth ratio. Shear deformation 
was found to be far less significant on total rotation because of the 
strong influence of reinforcement slip on rotation. 
Because of the high percentages of reinforcement, the effect of. 
initial cracking of the extreme tension fibe~ was not critical for studying 
the nonlinear response. The calculated moment for a plain un cracked con-
crete section considering a modulus of rupture of 700 psi is 0.3 kip-in .. 
The gradual reduction in slope of the observed moment-rotation curve 
from cracking of the extreme tension fiber to the apparent yielding of the 
tensile reinforcement was also. evident in the calculated curve. The 
reduction in slope 6f the calculated curve was primarily due to the change 
of bond stress distribution along the embedded bar. As the tension on 
the bar was increased, more of the embedded length was required for anchorage. 
This resulted in a longer length of strained bar and an increased rate of 
deformation with load. 
The calculated stiffness in this range of loading was greater than 
the observed which may have been because of an inaccurate representation 
of the reinforcing stress-bar slip relationship assumed for each bond 
element of the analytical bar-embedment model. The assumed reinforcing 
stress-slip relationship was based on pullout tests (Gavlin) which has a 
large scatter'of data. 
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The observed increase in rotation with little increase in moment as 
the specimen was loaded to the maximum load may not have been due to 
yielding of the tensile reinforcement. Pullout of the bar may have 
occurred at a load close to the yield load. The average bond stress 
along the length of the anchored bar required to develop the yield stress 
would have been 450 psi which was greater than that observed from pullout 
tests (Gavlin). This however seems unlikely because of the anchorage 
detail provided at the end of the beam reinforcement (Fig. 2.3) which was 
not provided in the pullout tests and should have prevented the bar from 
pulling out. Additionally, no direct evidence of an anchorage failure 
was observed when the specimen was dissected following the test. 
The failure of the concrete in compression for specimen SM3 was not 
indicated by the analytical model. A compression failure of the beam 
should not have occurred regardless of the maximum concrete strain if the 
longitudinal reinforcement remained bonded along the entire length of bar. 
However, if the bond strength was insufficient to develop the change of 
force in the bar along the beam span, then the assumed compressive force 
on the bar at the beam end would have been reduced, or the bar may have 
possibly even been in tension. Equality of strains in the concrete at 
the level of the IIcompressive li reinforcement and the compressive rein-
forcement may not have been a valid assumption to make with the analytical 
model. The compressive force on the concrete would then be increased 
with a compressive failure of the concrete being a definite possibility 
for the heavily reinforced type SM specimens. Photographs of the type SM 
specimens taken at the maximum load of the first quarter cycle indicate 
that specimen SM3 had the largest cracks parallel with the compressive 
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reinforcement from the beam ends indicating a bond distress within the span. 
The fact that one out of four specimens failed in compression was credible 
because of the dependence of the mode of failure on the compressive strength 
of the concrete as well as the bond strength. 
The deterioration af the bonded length of longitudinal reinforcement 
along the beam span may also have reduced the internal resisting moment 
of the beam section. As the effectiveness of the compressive reinforcement 
was reduced, the depth of the concrete compressive zone was increased, 
reducing the internal lever arm of the section. The relationship between 
the internal moment at yield of the tensile reinforcement and the average 
bond stress along the span (Fig. 5.4) has been derived by considering the 
stress distribution across the section as presented in Fig. 5.5. The 
longitudinal reinforcement in the compressive zone was considered to be 
unbonded with the concrete at the end of the beam. The force in the 
reinforcement was related to the force at the opposite end of the beam 
and the average bond stress along the beam span. 
As can be seen in Fig. 5.4, the moment for type SM specimens was 
much more sensitive to a change in bond stress. The loss of compressive 
force resulting from"bond distress was twice as much for the type SM 
specimens because of the number of wires per face. For the same reason, 
type SM specimens would have required a higher bond stress within the 
span to develop the calculated maximum moment based on a fully bonded 
beam. The heavily reinforced specimens would have required an average 
bond stress along the span of 1000 psi and the lightly reinforced specimens a 
stress of 500 ·psi. This may have been the reason the observed maximum 
moment for the first quarter cycle was consistently less for the type SM 
specimens than the calculated. 
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The bond stress required by this formulation for the type SM specimens 
to reach the observed yield moment was 780 psi which was greater than 
observed from the pullout tests. The pullout tests did not include a large 
shear force across the wire as was the case with the wires of the beam. 
Frictional forces parallel with the reinforcement from the beam shear ray 
have increased the apparent bond strength. 
5.3 Second Half Cycle 
The observed response diverged from the calculated curve for the second 
half cycle~ The larger increase in observed rotation than calculated rotation 
when the load was reversed indicates that a loss of bond may have occurred 
when the specimen was loaded to the maximum moment of the first half cycle. 
Reversing the load would then result in a softer response than considered 
with the analytical model. As the tensile cracks of the first half cycle 
were closing, the slope of the moment-rotation curve should have been 
equal to or greater than that corresponding to a section consisting of the 
longitudinal reinforcement alone if the wire was bonded with the concrete. 
A simple calculation of the slope of the moment-rotation curve for a member 
consisting of only the reinforcement is presented in Fig. 5.6. This indi-
cates that the reinforcement alone ought to be substantially stiffer than 
what was observed in this range of loading. If the reinforcement was un-
bonded at the beam ends, the full resistance of the reinforcement as pre-
viously calculated would not be observed as the cracks closed. This is 
further corraborated by the rapid change of observed crack width in this 
range of loading as mentioned in Section 3.4. 
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The comparison of observed with calculated response for the remainder 
of the hysteresis loop becomes confused because of the lack of conformance 
in the load reversal region. However, the difference between the calcu-
lated and observed strength for the second half cycle is quite evident. 
Further bond deterioration within the beam span (not considered with the 
analytical model) would reduce the maximum resisting moment in the same 
manner as described for the first half cycle (Fig. 5.3). Splitting cracks 
observed along the longitudinal reinforcement were a definite sign of 
bond deterioration \vithin the span. Comparing the observed length of the 
splitting cracks from photographs with the calculated lengths of deterio-
ration for the observed yield moments from Fig. 5.4 provides a suitable 
correlation for both type SO and SM specimens. The same comparison may 
also be made with good agreement in successive cycles for those specimens 
loaded to the maximum moment. 
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6. CONCLUSION 
6.1 Scope 
Six ~oup1ing beam specimens were subjected to a cyclic load to study 
moment-rotation relationships, and to provide information for the investi-
gation of the behavior of a ten sto~ coupled wall model structure subjected 
to simulated earthquake motions. 
6.2 Conclusion 
Slip of the main reinforcement was the major influence on the deforma-
tional characteristics of the specimens. Rotations including slip of the 
tensile reinforcement were approximately three times those rotations with-
out considering slip. Shear deformations were not significant to beam 
end rotation even with the high shear stresses because of the large rotations 
due to slip of the reinforcement. 
Specimens loaded to the same rotation limit as for previous cycles 
exhibited little deterioration of stiffness. Specimens loaded to the 
maximum moment for each half cycle exhibited a progressive deterioration 
of both stiffness and strength which was attributed to successive deterio-
ration of the bonded length of the longitudinal reinforcement within 
the beam span. 
Heavily reinforced specimens (type SM) performed more reliably in 
successive cycles than the lightly reinforced specimens because of the 
greater confinement offered by the stirrups. A severe reduction in strength 
and stiffness was observed for one of the lightly reinforced specimens once 
the side cover had spalled. 
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6.3 Further Research 
This limited experimental study emphasized the need for further 
research in two areas related to the nonlinear response of reinforced 
concrete structures subjected to cyclic loads. 
(1) The dominance of slip of the reinforcement and.deterioration 
of the bond strength on the shape of the hysteresis loop in beams with 
high moment gradients provides cause for further investigation of the 
bond characteristics of reinforcement subjected to cyclic loading. 
(2) The observed hysteretic response was influenced by phenomena 
not recognized by algorithms based on sectional characteristics and modified 
by elementary models of bond slip. A set of rules for hysteresis, such 
as the ones in reference 5, are not totally relevant to the hysteresis of 
beams with high moment gradients. Research is needed to develop either 
more comprehensive and correct or simpler and economical models for 
hysteresis. 
1 • 
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Table 2.1 
Ages and Measured Specimen Dimensions 
Beam Dimensions 
Specimen Age (Inches) 
{Da~s) Hidth Depth Span 
SD3 113 1.02 1.50 4.00 
SD4 126 0.99 1.50 4.00 
SM1 134 1.01 1.51 4.02 
S~12 136 1.04 1. 51 3.98 
St~3 137 1.02 1.49 4.02 
SM4 137 1.03 1.48 4.02 
'. 
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Table 2.2 
Measured Splitting Strength and Modulus of Rupture 
Cyl inder/Pri sm Splitting Strength r~odul us of 
(psi) Rupture (psi) 
1 310 855 
2 362 990 
3 354 810 
4 406 ",.. ,.. ':Jt:.t:. 
5 979 
Table 3.1 
Measured Crack Widths 
(Inches) 
End ~'oment 
1~ip-in~L SQecimen SD3 SQeeimen SD4 
A* B C 0 A B C D 
eye1 e No. 1 
0.3 0.003 0.000 0.000 0.003 0.003 0.000 0.000 0.003 
0.6 0.004 0.000 0.000 0.004 0.004 0.000 0.000 0.004 
1.0 0.005 0.000 0.000 0.005 0.005 0.000 0.000 0.005 
1.3 0.006 0.000 0.000 0.006 0.007 0.000 0.000 0.006 
(+) Max. 0.007 0.-000 0.000 0.007 0.009 0.000 0.000 0.007 
1 . 1 0.005 0.000 0.000 0.004 0.008 0.000 0.000 0.006 w 0.5 0.004 0.000 0.000 0.003 0.006 0.000 0.000 0.004 N 
0.00 0.003 0.000 0.000 0.003 0.003 0.000 0.000 0.003 
-0.3 0.000 0.003 0.003 0.000 0.002 0.003 0.003 0.002 
-0.6 0.000 0.003 0.005 0.000 0.000 0.004 0.005 0.000 
-1.0 0.000 0.007 0.006 0.000 0.000 0.007 0.006 0.000 (-) Max. 0.000 0.011 0.008 0.000 0.000 0.011 0.007 0.000 
-0.8 0.000 0.010 0.007 0.000 0.000 0.011 0.007 0.000 
0.0 0.000 0.006 0.004 0.000 0.000 0.007 0.004 0.000 
*For notation see Fig. 3.8 
1"'> ..•• f"" r- r iC -:; (" 
Table 3.1 (Continued) 
Measured Crack Widths 
(I nches) 
End Moment 
(kip-in. ) S~ecimen Srl1 SQecimen SM2 
A* B C D A B C 0 
Cycle No.1 
0.6 0.002 0.000 0.000 0.002 0.001 0.000 0.000 0.002 
1.3 0.003 0.000 0.000 0.004 0.002 0.000 0.000 0.003 
2.0 0.005 0.000 0.000 0.005 0.003 0.000 0.000 0.003 
2.6 0.005 0.000 0.000 0.005 0.004 0.000 0.000 0.005 
( +) ~1ax .. 0.005 0.000 0.000 0.006 0.005 0.000 0.000 0.006 
1 . 5 0.004 0.000 0.000 0.005 0.004 0.000 0.000 0.004 
0.5 0.003 0.000 0.000 0.004 0.003 0.000 0.000 0.003 t:.A.' w 
0.0 0.002 0.000 0.000 0.002 0.002 0.000 0.000 0.002 
-0.6 0.000 0.002 0.002 0.000 0.000 0.003 0.003 0.000 
-1 .3 0.000 0.003 0.003 0.000 0.000 0.003 0.003 0.000 
-2.0 0.000 0.003 0.003 0.000 0.000 0.004 0.004 0.000 
(-) ~'ax. 0.000 0.006 0.004 0.000 0.000 0.005 0.005 0.000 
-0.6 0.000 0.003 0.004 0.000 0.000 0.004 0.004 0.000 
0.0 0.000 0.002 0.003 0.000 0.000 0.003 0.003 0.000 
*For notation see Fig. 3.8 
Table 3.1 (Continued) 
Measured Crack Widths 
(Inches) 
End Moment 
Lkip- in. ) __ SQeci men Sr~3 SQecimen StB 
A* B C 0 A B C D 
Cycle No. 1 
0.6 0.002 0.000 0.000 0.002 0.002 0.000 0.000 0.002 
1.3 0.003 0.000 0.000 0.003 0.002 0.000 0.000 0.003 
2.0 0.003 0.000 0.000 0.003 0.003 0.000 0.000 0.003 
2.6 0.004 0.000 0.000 0.004 0.004 0.000 0.000 0.004 
(+) Max. 0.004 0.000 0.000 0.004 0.005 0.000 0.000 0.004 w 
1 .5 0.004 0.000 0.000 0.004 0.004 0.000 0.000 0.003 ~ 
0.5 0.003 0.000 0.000 0.003 0.003 0.000 0.000 0.003 
0.0 0.003 0.000 0.000 0.003 0.002 0.000 0.000 0.002 
-0.6 0.000 0.005 0.006 0.000 0.000 0.002 0.002 0.000 
-1.3 0.000 0.005 0.007 0.000 0.000 0.004 0.003 0.000 
-2.0 0.000 0.006 0.007 0.000 0.000 0.006 0.005 0.000 
(-) r~ax. 0.000 0.007 0.008 0.000 0.000 0.007 0.007 0.000 
-0.6 0.000 0.005 0.006 0.000 0.000 0.005 0.005 0.000 
0.0 0.000 0.004 0.005 0.000 0.000 0.004 0.004 0.000 
*For notation see Fig. 3.8 
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I Symmetrical About ct Specimen 
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Appendix A 
RELATIONSHIP BETWEEN MEASURED DISPLACEf··1ENTS 
AND ROTATIONS 
Beam end rotations were calculated from displacement readings obtained 
independently for each pier. Because of the small rotations that were 
measured, the effect of bolt slips at the pin connections were significant. 
Two horizontal and one vertical LVDT per aluminum rotation indicating bar 
were used to eliminate the effect of these slips from the beam end rotations. 
The LVOT locations with respect to each pin connection as described in 
Fig. A.l are presented in Table A.l. 
The actual angle of the measuring rod was obtained from the t\'IO 
horizontal displacement readings divided by the distance between the LVOT's 
as depicted in Fig. A.1. Since the largest rotation measured was approxi-
mately 0.02 radians, small angles were assumed in the calculations, i.e. 
sine = tans = 8. Thus, the horizontal distance between each rotation measuring 
bar and pin connection was not relevant on the measured rotations. 
Horizontal-bolt slip was calculated by interploting between the two 
horizontal displacement readings at the level of the pin connection. 
Vertical bolt slip was calculated using the difference between the vertical 
displacement reading, and the product of (1) the distance of the vertical 
LVOT from the pin connection and (2) the measured rotation of the aluminum 
bar. Both of these operations are shown in Fig. A.2. 
Adjustments to the measured bar rotations were made from these 
slips. Differential horizontal slip between the left and right pin 
connections due to longitudinal expansion of the coupling beam caused a 
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residual rotation to be measured for each pier. The calculation of this 
rotation correction is presented in Fig. A.3. For this calculation, no 
differential slip of the pin connections of the top load application channel 
was considered. Also, the rotation correction was applied equally to each 
pier. The effect of unequal vertical bolt slip on the measured rotations 
was calculated by taking the difference of the slip of the left and right 
pin connections and dividing by the horizontal distance between the pins, 
as depicted in Fig. A.4. 
Adjusted rotations for both the left and right ends of each coupling 
beam for each cycle of loading are given in Fig. 3.1 through 3.6. As can 
be seen, reasonable agreement between each end rotation was obtained with 
the largest difference between each end rotation being approximately 0.001 
radian. The difference may be due to unequal flexural resistance of each 
end of the coupling beam associated with slip in the pin connections of the 
top load application channel. Inaccuracies of approximately one percent 
may.a1so have existed in the measuring instrunents. 
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Tabl e A. 1 
LVDT Locations* 
(Inches) 
S~ecimen Ll L2 L3 L4 L5 L6 
SD3 25.91 3.82 4.84 26.00 3.74 4.69 
SD4 25.84 3.91 4.85 26.00 3.78 4.63 
St11 25.76 3.99 4.70 25.96 3.82 4.64 
St,12 25.96 3.79 4.70 25.39 3.89 4.60 
S~13 26.09 3.66 4.70 25.96 3.82 4.60 
St~4 25.88 3.87 4.70 25.99 3.79 4.60 
*Refer to Fi g. A. 1 
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